Introduction
Because of the horizontal crossings, the horizontal tune shift in the ISR vanishes: the vertical tune shift reaches AQbb = 0.001 per intersection, a value significantly below the conventional beam-beam limit; the beam blow-up remains consistent with scattering.
The beam-beam forces do however provoke various phenomena, some of them being fatal for the beams:
-For beam-beam tune shifts above 0.0007, the non--linear resonances are strongly excited (7QV = 62, etc...); they do not contribute significantly to the beam loss rate unless the tune of the machine is ramped; then a large number of particles cross resonance lines; 1 to 2% of them may be lost against the vertical aperture limit (10a), occasionally activating the automatic beam dump which safeguards the machine components.
-The second phenomenon is observed when harmonics of an RF structure on one of the beams overlap betatron frequencies of the second beam, leading to overlap knock-out resonances1.
Such resonances provoke a selective blow-up of part of the beam. In order to weaken these effects, the beams are separated vertically during accumulation and acceleration; the separation of 6 a considerably weakens the nonlinear components of the beam-beam forces; the remaining dipolar kicks are made to compensate by a proper choice of the sign of the separation in each intersection.
-Before data-taking, the beam separations must be suppressed. Unlike electron machines, the orbit bump reduction is adiabatic in comparison with the betatron motion.
During this steering process, partial and complete beam losses have occurred.
Along with the investigation of the beam-beam instability, attempts were made to measure the beam-beam forces by transversely exciting one beam and observing the resulting motion of the second beam. The beam-beam transfer function thus defined can be shown to be directly related to the luminosity.
This function may also be used to steer the beams precisely for head-on collisions, measure the beam size and the luminosity. In a second experiment, the beam-beam tune spread due to the non-linear beam-beam forces was measured, using a special method: the dominating betatron frequency spread in the ISR is caused by the combined effects of the chromaticity and the energy dependence of the revolution frequency. At a specific frequency, these two contributions cancel out; the residual spread due to the non-linear beam-beam force and residual octupole fields can then be measured on a Schottky scan.
This has been done for different vertical beam separations zl-z2 ( fig. 3 ).
with the normalisation :
The index i=1 refers to the acting beam I1 whilst the index i=2 refers to the probe beam I2; x,y and s are the transverse and longitudinal coordinates respectively.
It is further assumed that x is only determined by the energy deviation and the dispersion; the vertical dispersion, octupolar and higher non-linear effects are neglected.
Fig. 3 -Amplitude Dependant Tune Spread
The results agree rather well with the theory2 if a residual octupole field of opposite sign is assumed to be present in the ISR.
For a certain separation these two contributions nearly cancel each other out and result in a minimum of the betatron frequency spread caused by the amplitude dependence of the frequency.
Interpretations of the observations
Although the results of the experiments described are not completely conclusive, they do allow some likely interpretations to be made. (fig. 4) . The vertical and horizontal transverse particle distributions are assumed not to be coupled, such that the current density can be written:
ii(xi,yi) = Iigi(xi)fi(Yi) 2498 In the ultra-relativistic case, the total deflection is twice the magnetic deflection. (4) Using (1), (2) and (4) proportional to the luminosity and may thus be used to define the position of head-on collisions; a vertical beam steering will yield the beam effective height; the function TF1 and TF2 may be measured separately to allow a direct measurement of the luminosity.
In case of several crossings, the beam-beam transfer function remains proportional to the total luminosity provided the betatron phase advances between crossings are identical for both beams; the phase Fig. 6 
